© Biologiezentrum Linz/Austria; download unter www.biologiezentrum.at 


Primary production and nutrient cycling in lowland 

rainforests of the Golfo Duke region 

Produccion primaria y cido de nutrientes en bosques lluviosos de 

tierras bajas de la region de Golfo Duke 

Wolfgang Wanek, Sigrid Drage, Nina Hinko, Florian Hofhansl, 
Eva-Maria Polz, Andrea Ratzer & Andreas Richter 


Abstract: Climate (rainfall, seasonality, temperature, and light) and soil fertility (geology, topography) exert the major controls 
on primary production in tropical rainforests. In this survey paper, we focus on the effect of topography and anthropogenic dis¬ 
turbance on forest primary production (litterfall, wood increment, and fine root production) and nutrient cycling (atmospheric 
deposition, through fall, stemflow, litter decomposition, soil nitrogen transformations) in the Esquinas forest, Piedras Blancas Na- 
tional Park, Costa Rica. Tree vegetation in the Esquinas forest showed the highest wood increments and among the highest lit¬ 
terfall rates published to date. These high rates of production are explained by high litterfall and decomposition rates, fast cycling 
of nutrients and continued supply of cations and phosphorus through high rates of weathering, tectonic uplift and erosion. The 
primary ravine forest showed the highest rates of primary production and the highest rates of nutrient cycling compared to sec¬ 
ondary ravine forest and primary ridge forest. Topography had a major effect on soil fertility and plants responded by greater al¬ 
location to below-ground biomass and below-ground production to acquire soil resources at the ridge. Disturbance did not affect 
above or below-ground biomass >20 years later. However, biomass production was still greater than in primary rainforest on In- 
ceptisols. Nutrient demand for biomass production evidently exceeded nutrient supply after disturbance as suggested by compa¬ 
rably higher nutrient use efficiencies than in primary forest in the same topographic position. 

Key words: biomass, nutrient cycling, carbon stocks, productivity, lowland rainforest. 

Resumen: Clima (lluvia, estacionalidad, temperatura y luz) y la fertilidad del suelo (geologia, topografia) ejercen el control prin¬ 
cipal sobre la produccion primaria en los bosques lluviosos tropicales. En este trabajo de investigacion nos centramos en el efec- 
to de la topografia y de las pertubaciones antropogenicas sobre la produccion primaria del bosque (hojarasca, incremento de 
madera y produccion de raices finas) y el ciclo de nutrientes (depositacion atmosferica, precipitacion directa, escurrimiento 
fustal, descomposicion de la hojarasca, transfer mac ion del nitrogeno del suelo) en el bosque Esquinas, Parque Nacional Piedras 
Blancas, Costa Rica. 

La vegetacion arborea en el bosque Esquinas mostro los mayores incrementos en madera y una de las mayores tasas de hojarasca 
publicadas hasta la fecha. Estas altas tasas de produccion se explican por una elevada tasa de hojarasca y descomposicion, rapido 
ciclo de nutrientes y un suministro continuo de cationes y P mediante altas tasas de desgaste, elevacion tectonica y erosion. El 
bosque primario de barranco mostro una elevada tasa produccion primaria y altas tasas en el ciclo de nutrientes comparado con 
el bosque secundario de barranco. La topografia tiene un importante efecto sobre sobre la fertilidad del suelo, y las plantas respon- 
den con una mayor produccion y biomasa subterranea para adquirir los recursos del suelo. Las perturbaciones no afectan a la 
biomasa aerea o subterranea > 20 anos mas tarde. Sin embargo, la produccion de biomasa fee aun mayor que en bosque lluvioso 
primario en Inceptisols. La demanda de nutrientes para la produccion de biomasa, evidentemente supero la oferta de nutrientes 
despues de una perturbacion, tal como lo habfa sugerido comparativamente la alta eficiencia en el uso de nutrientes en un bosque 
primario en la misma posicion topografica. 

Palabras clave: biomasa, ciclo de nutrientes, reserva de carbono, productividad, bosque lluvioso tropical de tierras bajas. 


Introduction 

Tropical rainforests are key components of the glob¬ 
al water and carbon cycles and are therefore highly rel¬ 
evant for global climatic processes. They account for an 
estimated 32% of terrestrial net primary production 


(NPP, FIELD et al. 1998). It is therefore of great interest 
to determine whether tropical rainforests act as sinks or 
sources of atmospheric carbon dioxide (C0 2 ) - a theme 
which is hotly debated (CLARK 2004). Micrometeoro- 
logical measurements of ecosystem C0 2 exchange sug- 
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gest neotropical forests function as net C0 2 sinks 
(Goulden et al. 2004, Loescher et al. 2003, Stephens 
et al. 2007). Additionally, biometric measurements 
demonstrated increases in the above-ground standing 
biomass and net carbon sequestration in neotropical for¬ 
est plots (Baker et al. 2004a, Malhi et al. 2004, Miller 
et al. 2004). 

Net primary production and therefore also the sink 
capacity of tropical forests are controlled by several fac¬ 
tors, whereof (1) soil fertility and (2) air temperature 
and precipitation are the most prominent (HARRING¬ 
TON et al. 2001, Loescher et al. 2003, Vitousek 1984, 
WORBES 1999). While the general relations between pe- 
dospheric and macroclimatic drivers and tropical forest 
productivity are well established, recent studies have 
uncovered large uncertainties in our understanding of 
tropical carbon and nutrient cycling processes, most 
prominently related to seasonal and intra-annual varia¬ 
tions in climate (MOHAMED et al. 2004). For instance, 
inverse modelling of atmospheric C0 2 concentrations 
and long-term tree growth measurements revealed a 
clear climate signal in the productivity and sink 
strength of tropical rainforests (CLARK et al. 2003, POT¬ 
TER et al. 2004, Potter & Klooster 1999). ENSO (El 
Nino Southern Oscillation) phenomena have reversibly 
turned the tropical biome from a sink into a source of 
atmospheric C0 2 (BOUSQUET et al. 2000). Efforts to de¬ 
tect responses of tropical forests to long-term climate 
change are increasing and the first signs thereof cannot 
be neglected (Hietz et al. 2005, Phillips 1996, Phillips 
et al. 1998). Evidence for correlations between global 
primary productivity and short-term climate fluctua¬ 
tions are also accumulating (Behrenfeld et al. 2001, 
Bousquet et al. 2000, Cao et al. 2004, Potter & 
Klooster 1999, Rodenbeck et al. 2003). However, we 
lack a mechanistic understanding of the linkage be¬ 
tween inter-annual climate variability, biogeochemical 
processes and the primary productivity of tropical rain¬ 
forests (Nepstad et al. 2002, Yavitt et al. 1993). Wood 
et al. (2005), for instance, demonstrated seasonal and 
inter-annual changes in leaf litter phosphorus in La Sel¬ 
va, which were linked to precipitation patterns and 
therefore indicated a linkage between vegetation, nutri¬ 
ent availability and uptake. 

More than 10% of tropical land area has a slope ex¬ 
ceeding 10° (PoRDER et al. 2005a). Topography has 
therefore received increasing interest with regard to ef¬ 
fects on microclimate, species composition, soil and 
vegetation chemistry, and hydrological and biogeo- 
chemical processes (Clark et al. 1998a, PoRDER et al. 
2005b, SOLLINS 1998). For instance it has been demon¬ 
strated that topography greatly affects soil nutrient con¬ 
centrations, decomposition rates and soil nutrient trans¬ 


formations (Clark et al. 2002, Cox et al. 2002, Luizao 
et al. 2004, Silver et al. 1994). Heterogeneity in plant 
and soil patterns are mainly based on erosion-deposition 
processes, down-slope transport of leachates, and levels 
of chemical weathering (DYKES & THORNES 2000, 
PORDER et al. 2005b). It is therefore highly likely that 
topography also exerts a major control on net primary 
production (Vieira et al. 2004, Wang et al. 2003). 

Anthropenic disturbance and land use change are 
among the factors most seriously affecting the biogeo- 
chemical functioning of tropical areas. Conversion of 
land proceeds at unprecedented rates, resulting in about 
30% of the forest cover in Costa Rica ultimately being 
considered to be secondary forest (FAO 2000). Conver¬ 
sion of forest to pasture and logging activities lead to 
progressive losses of organic matter and to net C0 2 re¬ 
lease through biomass burning and soil organic matter 
mineralisation, the affected pools recovering only slow¬ 
ly over decades (Hughes et al. 2000, Hughes et al. 
1999, McGrath et al. 2001, Pregitzer & Euskirchen 
2004). Moreover, due to the absence of trees with large 
diameter stems that hold a disproportionately large 
amount of total hiomass secondary forests accumulate 
less biomass (and nutrients) in their above-ground plant 
parts during the first 20 years following degradation 
(CUARIGUATA & OSTERTAG 2001). 

In the following part of this survey paper, we present 
data on primary production and nutrient cycling based 
on a case study in the Esquinas forest, Piedras Blancas 
National Park, Costa Rica and discuss general patterns 
in tropical rainforest biogeochemistry. There is still a 
large gap in studies of nutrient cycling in areas of high 
precipitation and temperature where forest NPP was re¬ 
ported to decline (SCHUUR 2003). Many of these forests 
stand on highly leached and weathered Oxisols and sim¬ 
ilar nutrient-poor soils. The Esquinas forest is therefore 
‘outstanding’ in terms of high mean annual precipita¬ 
tion (>5800 mm) and temperature and the dominance 
of Inceptisols and Ultisols that are richer in nutrients 
than Oxisols. 

Case study 

To study net primary productivity (NPP) in relation 
to (1) land use history, (2) topography, and (3) inter-an¬ 
nual climate changes, three forest types were selected in 
the Esquinas Forest (“Regenwald der Osterreicher”), 
Piedras Blancas National Park, close to the Tropical Sta¬ 
tion (8°42’46” N, 83°12’90” W; 80-200 m above sea lev¬ 
el) in February 2005. Within each forest type, i.e. pri¬ 
mary ridge forest, primary ravine forest and secondary 
ravine forest, three sites were selected and subdivided in¬ 
to each four small plots (0.01 ha each). Secondary stands 
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were formerly used as cacao plantations and for tree log- 
ging but have remained undisturbed for over 20 years. 
Primary ridge forest stands differ markedly from those 
along creeks in their microclimate due to the greater 
canopy openness and lower relative air humidity. Soils of 
ridge areas were classified as Acrisols (Ultisols) with 
71% sand, 22% silt and 7% clay, soil pH (CaCl 2 ) rang¬ 
ing between 3.7 and 4-7, a cation exchange capacity of 
13.1 cmol kg' 1 and base saturation decreased from 87% 
to 11% with soil depth to 0.5 m. Valleys are charac¬ 
terised by Cambisols (Inceptisols) with 36% sand, 30% 
silt, 34% clay; soil pH ranged between 4-7 and 5.0, the 
cation exchange capacity was 21.1 cmol kg' 1 and base 
saturation 93%. All trees greater than 10 cm d.b.h. (di¬ 
ameter at breast height) were tagged and their taxonom¬ 
ic affiliation determined to species level. Trees greater 
than 2.5 cm d.b.h. were included in this study in every 
fourth subplot. Tree height, tree girth (circumference), 
annual wood increment (dendrometer bands) and tree 
position in the plots were measured. Leaf area index was 
estimated using the SunScan system with BF3 sensor as 
a reference (Delta-T). Total above-ground standing bio¬ 
mass and stand-level wood growth were calculated using 
allometric equations (BROWN 1997); tree size distribu¬ 
tion, tree gaps and litter stocks were recorded regularly 
through annual or half-yearly censuses. Wet and dry dep¬ 
osition, throughfall and stemflow and litterfall were 
monitored by standard methods, and fine root turnover 
was investigated by ingrowth cores, sequential coring 
and 15 N labelling (HENDRICKS et al. 1997). Litter decom¬ 
position, N transformation rates and soil respiration 
were studied. Microclimate data loggers were installed in 
the understory and in topsoil of each forest stand to con¬ 
tinuously record air and soil temperature and moisture. 
At the field station, a fully automatic weather station 
monitors air temperature, relative humidity, precipita¬ 
tion intensity, PAR and global radiation. To better un¬ 
derstand forest biomass and nutrient dynamics under 
current and future climate conditions, the project aims 
at a long-term (>10 years) analysis of climate patterns, 
net primary production and nutrient cycling. Details on 
vegetation composition and structure, climate and mi¬ 
croclimate of the forest sites are presented in this vol¬ 
ume. 

Net primary production 
and biomass distribution 

BIOMASS DISTRIBUTION. - In general, total 
dry biomass for primary lowland wet/moist tropical 
forests ranges from 200 to 500 (1000) Mg 2+ ha' 1 
(Table 1, and WADSWORTH 1997). Biomass allocation to 
different plant parts (foliage, branches, stems, roots) de¬ 
pends on the type of forest (climate, geology), tree size 


and species, and varies vertically within the rainforest 
canopy. Commonly, the major part of tree mass is found 
in stems, comprising 50-58% of total biomass and 67- 
77% of above-ground biomass of trees with d.b.h. 
>10 cm. The proportion of branches varies widely from 
23 to 34% of above-ground tree biomass. Foliage makes 
up the smallest fraction of above-ground tree biomass, 
ranging between 1 and 5%, however, yielding leaf area 
ratios (leaf area projected onto the soil surface) between 
5 and 12 (22) (WADSWORTH 1997). Root biomass is al¬ 
so highly variable (VOGT et al. 1996), but on a global 
scale averages 19% of total forest biomass for tropical 
upland forests (Cairns et al. 1997). Again the most ac¬ 
tive part of below-ground biomass i.e. fine roots repre¬ 
sents a small proportion, comprising 1-8% of total tree 
mass (Vogt et al. 1996). The relative biomass alloca¬ 
tion between roots and shoots varies with stand/tree age 
and is a function of tree species or functional group. It is 
moreover affected by soil moisture, nutrient availability 
and texture (for refs, see CAIRNS et al. 1997). In extreme 
cases such as in tropical forests on Spodosol below¬ 
ground biomass can contribute 41-88% of total biomass 
(Sanford &. Cuevas 1996). 

In the Esquinas forest, below-ground allocation of 
tree biomass ranged from the lowest reported so far, 0.9 
and 1.0% of total tree mass in the primary and second¬ 
ary ravine forest plot to 2.2% in the primary ridge forest 
plot (Table 1). The low proportion of root biomass 
therefore points to the comparably low restriction of 
biomass production by below-ground reserves such as 
water and nutrients. Total above-ground biomass in the 
examined forests types in the Esquinas region ranged be¬ 
tween 335 and 354 Mg 2+ ha' 1 and were among the high¬ 
er values reported so far for ‘undisturbed’ tropical low¬ 
land rainforests (Table 1). However, the small area in¬ 
vestigated (0.4 ha, n=3) is low for precise estimations of 
landscape scale variation in biomass distribution, and 
variances of the means were high. 

The leaf area index (LAI, in m 2 projected leaf area 
m' 2 ground) is an important biomass proxy for photo- 
synthetically active leaf area and scales globally with 
NPP (Chapin III et al. 2002, Lindroth et al. 2008). In 
the Esquinas region, LAI was generally high and pri¬ 
mary ravine forests had significantly higher LAI 
(8.3±0.3, n=60) than secondary ravine forests (6.9±0.2) 
and primary ridge forests (7.1 ±0.2). Landscape scale 
measurements of LAI at La Selva, Costa Rica, across 
500 ha old-growth forest gave lower values with 6.0±0.3 
(CLARK et al. 2008). Along an elevational transect 
(1050 to 3060 m a.s.l.) in Ecuador, LAI decreased from 
5.1 to 2.9 while leaf lifespan increased with elevation 
and leaf biomass was not affected by elevation (MOSER 

et al. 2007). 
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Table 1: Biomass and necromass (dry matter) distribution in neotropical rainforests. 
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2 Dead+live fine root biomass 3 Root biomass 0-40 cm. Powers & Lerdau. pers. Obs. 6 Back calculation of biomass from C pools by division by 0.45 (biomass) and 0.55 (SOM) 7 Clark et al. 2002 
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NECROMASS AND ORGANIC MATTER DIS¬ 
TRIBUTION. - The main above-ground dry mass pools 
in a tropical rainforest are trees with d.b.h. >10 cm and 
the forest floor litter layer, whereas below-ground the 
root-mycorrhizae system and the mineral soil including 
soil organic matter represent the major organic matter 
pool. In the Esquinas forest, fine litter stocks ranged 
from 3.5 to 4.7 Mg 2+ ha' 1 , coarse litter stocks from 2.7 
to 6.9 Mg 2+ ha' 1 , coarse woody debris (CWD, >10 cm 
diameter; data not shown) were largest and ranged from 
21.1 to 26.2 Mg 2+ ha' 1 , and root necromass contributed 
0.6 to 2.6 Mg 2+ ha' 1 (Table 1). High necromass in CWD 
was also found in La Selva, Costa Rica (28.8 Mg 2+ ha' 1 ) 
(CLARK et al. 2002) and in undisturbed forests in Tapa- 
jos, Brazil (51-56 Mg 2+ ha' 1 ) (Keller et al. 2004). 

Expressed as a fraction of total carbon stock (dry 
mass x 0.45 for biomass and necromass carbon, dry mass 
x 0.55 for soil organic matter carbon) above-ground 
biomass contributed 54% to 59%, soil organic matter 
34% (secondary forest) to 41%, below-ground biomass 
0.5% to 1.2% and necromass 4% to 7%. Total carbon 
stocks were 257 Mg 2+ ha' 1 (secondary ravine forest) and 
291-296 Mg 2+ ha' 1 (other forest types) to a soil depth of 
30 cm in this study. In comparison, the mean total car¬ 
bon stock for primary forests in Porce region, Colombia, 
was estimated to be 384±56 Mg 2+ C ha' 1 where soil or¬ 
ganic carbon (0-4 m) provides 59%, below-ground car¬ 
bon 10%, above-ground biomass 29% and standing lit¬ 
ter stock 2% of the total carbon stock (SIERRA et al. 
2007a). For adjacent secondary forests, a mean total car¬ 
bon stock of 228± 13 Mg 2+ C ha' 1 was estimated, with 
84% in the soil organic carbon pool, 5% in below¬ 
ground biomass, 9% in above-ground biomass and 1% in 
standing litter stock (SIERRA et al. 2007a). Calculated 
to a soil depth of 30 cm, above-ground biomass in pri¬ 
mary rainforests contributed 44%, necromass 3%, be¬ 
low-ground biomass 15% and soil organic matter 38.3% 
(total carbon stock 252 Mg 2+ ha' 1 , SIERRA et al. 2007a), 
showing that the Esquinas forests had a higher propor¬ 
tion of above-ground biomass, similar soil organic mat¬ 
ter but less below-ground biomass while the total carbon 
stocks were similar for primary rainforests. 

PRODUCTIVITY. - Carbon balances and primary 
production of tropical forest have been studied in two 
ways, by (1) Eddy covariance measurement of C0 2 ex¬ 
change between the forest and the atmosphere and by 
(2) long-term forest inventory records of biomass net 
changes (CLARK et al. 2001b). The data obtained by 
these approaches are often contradictory and it is there¬ 
fore controversial whether tropical forests currently act 
as carbon sinks or sources. 
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Fig. 1: Major pools and fluxes in the carbon and nutrient cycles of tropical 
rainforests. Fluxes are presented underlined, pools in black boxes. 


cific time interval (CHAMBERS et al. 2001). NPP is no¬ 
toriously difficult to determine since the following com¬ 
ponent processes have to be considered to fully account 
for net primary production (NPP) in an ecosystem 
(Clark et al. 2001a) (Fig. 1): 

NPP = NPP , , + NPP, , , , where 

aboveground belowground ’ 

NPP , , is the sum of 

aboveground 

above-ground increment (net increases in stem and 
branch wood and in leaves) 

above-ground losses (fine litterfall + losses to consumers 
+ volatile/leaching losses of organics), and 

NPP, , , is the sum of 

below-ground 

below-ground increment (net fine and coarse root in¬ 
crement) 


Net primary production (NPP) is defined as the bio¬ 
chemical construction of new organic matter over a spe- 


below-ground losses (root mortality + rhizodeposition + 
losses to herbivores and symbionts) 
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Table 2: Net primary production (dry matter) in neotropical forests. 
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Net increases in wood of stems and branches, fine 
and coarse litterfall, and net root increment generally 
comprise >80% of NPP and are therefore most often 
studied (CLARK et al. 2001b). Above-ground NPP is 
most frequently quantified as the sum of stand increment 
and litterfall. However, only few studies have reported 
estimates of below-ground NPP (BNPP) and above¬ 
ground NPP (ANPP) at the same time (see Table 2). 

The major fractions of ANPP ranged from 1.8 to 
12.0 Mg 2+ ha' 1 a' 1 for fine litterfall, and from 0.6 to 11.0 
Mg 2+ ha' 1 a' 1 (plantations: 29.6) for stand increment. 
Caution has to be taken since some values of tree/stand 
increment did correct for tree mortality and in-growth, 
while others did not, thereby representing NPP of living 
trees only. The large wood increments in the Esquinas 
forest, ranging from 13.8 to 24-6 Mg 2+ ha' 1 a' 1 are possi¬ 
bly related to the high productivity of this area but are 
also due to the absence of tree mortality (d.b.h. >10 cm) 
during the two observation years (2005-2007). Long¬ 
term tree fall in the area results in a forest turnover time 
of uphill forests of approximately 75 years (recensus of 
0.1 ha plot after 13 years; Huber & Weissenhofer, pers. 
commun.) which is higher than the stand half-life of 34 
years in La Selva (-2.0% mortality) (LlEBERMAN et al. 
1985). An assumed annual mortality of 1% (median 
tree d.b.h. 28 cm) would result in a loss of live above¬ 
ground biomass of ~4 Mg 2+ ha' 1 a' 1 . Tree mortality will 
therefore significantly lower the long-term estimates of 
wood biomass increment in this forest. Moreover, wood 
increment was largest for the secondary forest (24-6 
Mg 2+ ha' 1 a' 1 ), demonstrating persistent biomass aggra¬ 
dation 20 years after disturbance, litterfall in the Es¬ 
quinas forest was also among the highest reported so far 
(9.7-13.0 Mg 2+ ha' 1 a' 1 ; Table 2), again pointing to the 
exceptionally high productivity in this area. LAI values 
between 6.9 and 8.3 also demonstrate the high potential 
for biomass production in the Esquinas forest. The high 
NPP in the Esquinas forest with a mean annual precipi¬ 
tation (MAP) of -6000 mm actually contradicts the 
general trend in tropical forests where NPP increases up 
to MAP of 2500 mm and above that threshold decreas¬ 
es markedly (SCHUUR 2003). Again, this discrepancy 
can not be reconciled by climatic differences between 
this and other tropical forests but might be attributed to 
sporadic volcanic ash deposition (Fiebig et al. 2007) 
and a combination of fast weathering and rapid land lift, 
tectonically-driven erosion leading to exposure of bed 
rock rich in P and other cations (BERN et al. 2005). 

Other NPP components like above-ground losses by 
leaching, emissions of volatile organic compounds and 
losses to consumers have not been assessed though they 
may increase NPP estimates by >20% (CLARK et al. 
2001b). Leaf herbivory accounted for 1.5% of total NPP 


in a recent study (SIERRA et al. 2007b) which may rise 
including other types of plant consumption such as sap- 
sucking, frugivory and herbivory by species other than 
ants. In this study canopy leaching of dissolved organic 
carbon (net throughfall) amounted to only 11 ±5 kg C 
ha' 1 a' 1 , representing a minor portion of ANPP. Recent¬ 
ly the importance of coarse litter production or structur¬ 
al losses e.g. branch fall and crown loss has been empha¬ 
sised to comprise a quantitatively important component 
of ANPP, ranging from 0.9 to 4.9Mg 2+ ha -1 a' 1 (Table 2) 
(CLARK et al. 2002) and up to 6.7 Mg 2+ ha' 1 a' 1 in undis¬ 
turbed Amazon forests (PALACE et al. 2008). 

BNPP has been investigated by different methods 
e.g. root increment by sequential coring and root in¬ 
growth cores while total below ground C allocation was 
estimated by the indirect carbon balance method (differ¬ 
ence between soil respiration and litterfall), thus actual¬ 
ly representing the sum of root respiration and BNPP 
(RAICH & Nadelhoffer 1989). Both approaches yielded 
similar estimates (C balance: 2.7-10.3 Mg 2+ ha' 1 a' 1 ; in¬ 
growth, coring: 1.3-11.1 Mg 2+ ha' 1 a' 1 ), though they dif¬ 
fer by the inclusion of root respiration in the C balance 
method (Table 2). Again, as reported above, for several 
components of BNPP, no data are available such as for 
rhizodeposition, root consumption by herbivores, and 
fine and coarse root production and mortality. These 
components may however account for a sizable portion of 
BNPP. The use of a 15 N tracer approach allows the differ- 
ention of root production and mortality (HENDRICKS et 
al. 1997), producing similar figures (1.6-2.1 Mg 2+ ha' 1 a' 1 ) 
for BNPP as by in-growth and sequential coring in two 
out of three forest types in the Esquinas forest. 

The proportion of total productivity found below¬ 
ground varies considerably, ranging from 3% to 54% 
globally. In the tropics, broad-leaved evergreen forests 
on Oxisols (n=5) showed a relative fraction of below¬ 
ground NPP of total NPP of 49% (Vogt et al. 1996). In 
the Esquinas forest, this proportion was much lower, 
with 4 to 6% on the nutrient-rich Inceptisols at valley 
positions and 22% on nutrient-poor Ultisols on ridge 
positions (Table 2). The same pattern was also apparent 
for root biomass, implying greater C investments to be¬ 
low-ground where nutrients are scarce and aluminium 
toxicity may be high (FlEBIG et al. 2007). 

In contrast to NPP, net ecosystem exchange (NEE) 
represents the net C0 2 flux from the ecosystem to the 
atmosphere and negative signs indicate ecosystem C up¬ 
take (Chapin III et al. 2002): 

NEE = gross photosynthesis - (autotrophic respira¬ 
tion + heterotrophic respiration) 

For tropical rainforests, little data is available on net 
ecosystem C exchange (NEE) over a full year. In a trop- 


Table 3: Element fluxes in litterfall, bulk precipitation, throughfall and stemflow in neotropical rainforests. 1 litterfall dry mass calculated from litterfalI C by dividing with 0.45 
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ical wet forest (La Selva, Costa Rica), net ecosystem- 
level carbon exchange was highly variable between 
years but not seasons, ranging from a slight carbon 
source (0.1 to -1.3 t C ha' 1 a' 1 , 1998) to a moderate 
(-1.5 to -3.1 tCha' 1 a' 1 , 1999) and a strong carbon sink 
(-6.0 to -7.9 t C ha' 1 a' 1 , 2000) (Loescher et al. 2003). 
The inter-annual changes were related to El Nino ef¬ 
fects on the energy budget of this forest. Tropical moist 
forests in a Central Amazon rainforest exhibited annual 
NEE of -5.9 t C ha' 1 a' 1 (Malhi et al. 1998) and ranged 
from -1 to -8 t C ha' 1 a' 1 (Araujo et al. 2002). In a 
tropical moist forest in Tapajos, Para, Brazil, large sea¬ 
sonal changes in NEE were found where C0 2 draw 
down was lower during the wet season than during the 
dry season, when litter respiration decreased due to lit¬ 
ter desiccation (Goulden et al. 2004). The annual NEE 
flux was reported to be -3.9 t C ha' 1 a' 1 without correct¬ 
ing for the underestimation of flux on calm nights, indi¬ 
cated that the forest was a large carbon sink (MILLER et 
al. 2004). However, the above mentioned correction 
turned this forest into a slight C source (0.4 t C ha' 1 a' 1 ) 
(MILLER et al. 2004), pointing to large uncertainties in 
the annual NEE estimates in tropical rainforests (CLARK 
2004). In Xishuangbana tropical rainforest, China, NEE 
was also higher in the dry season than in the wet season. 
The conversion between carbon sink and source oc¬ 
curred during the transition season. Annual NEE was 
-3.2 t C ha' 1 a' 1 (Zhang et al. 2006). 

NPP can be converted to NEE in the following way: 

NEE = NPP - R,, or NPP = GPP - R 

h’ a 

where R h and R a are heterotrophic and autotrophic 
respiration and GPP is gross primary production. Het- 
erotrophic respiration represents a large flux averaging 
9.2 Mg 2+ ha' 1 a' 1 in tropical rainforests (PREGITZER & 
EUSKIRCHEN 2004) and may equal or exceed NPP or be 
slightly lower than NPP. NEE therefore represents a 
small difference between two large fluxes, as shown by 
e.g. Sierra et al. (2007b). They estimated NPP at 
12.6±0.9 (2000-2001) and 12.9±1.0 t C ha' 1 a' 1 (2001- 

2002), and from measurements of different components 
of heterotrophic respiration (soil, fine litter, and coarse 
litter)estimatedR h at-12.3±2.1 and -15.1 ± 1.71C ha' 1 a' 1 
for the respective time intervals. NEE therefore account¬ 
ed for 0.3±1.2 (2000-2001) and -2.2±0.8tCha' 1 a' 1 
(2001-2002). 95% confidence limits for the second in¬ 
tervals range from -1.9 to 2.6 t C ha' 1 a' 1 , showing the 
large uncertainty in estimates of this globally important 
C flux. As outlined above, the interconversion of NEE 
and NPP for validation purposes remains difficult due to 
the many uncertainties in the measurement of both 
(Clark et al. 2001a). 


Biogeochemistry and 
element input-output balances 

Biogeochemistry represents the study of processes 
and reactions that govern the elemental composition of 
the natural environment, and the cycles of matter and 
energy. Nutrient cycling - the cycling of elements in 
ecosystems - describes fluxes of exchanging nutrients 
between pools in plants, soil, animals and decomposer 
micro-organisms (Fig. 1). In contrast to temperate 
forests, the greatest amount of organic matter and nutri¬ 
ents is stored in living biomass rather than the soil ma¬ 
trix, but contrary to predictions by earlier research, a 
substantial amount of organic matter and nutrients is 
contained in the below-ground rooting zone (Table 1) 

(Whitmore 1998). 

Despite many interactions among element cycles, 
substantial differences exist between the responses of 
different elements on specific controls. While processes 
such as nutrient uptake and release by plants and mi¬ 
croorganisms are mostly governed by the same factors, 
input and losses occur along different pathways. The 
consequences are differences in the “openness” and 
“buffering capacity” of the main cycles of C, water, N 
and P (Chapin III et al. 2002). The carbon cycle is 
highly “open” but well “buffered” through the exchange 
of C0 2 with the atmosphere and its large pool in ecosys¬ 
tem biomass and soil organic matter. The water cycle al¬ 
so shows high “openness” caused by the dominating in¬ 
put and output fluxes, but lacks a notable storage capac¬ 
ity. Organisms therefore strongly depend on water input 
from precipitation and are less “buffered” against input 
deficiencies. In contrast, nutrient cycles are more closed 
in tropical rainforests with intensive internal cycling 
compared to relatively low inputs and losses (Brui- 
jnzeel 1991, McDowell 1998). 

In the long term, the nutrient status of a tropical 
rainforest is controlled by the balance between nutrient 
inputs (deposition, weathering, and nitrogen fixation) 
and outputs (leaching, fixation, and volatilisation). Dur¬ 
ing soil development, rock-derived elements are gradual¬ 
ly lost (e.g. P, Ca 2+ , Mg 2+ , K) while being partly replen¬ 
ished from inputs from the atmosphere such as marine 
aerosols and dust (Chadwick et al. 1999). Nitrogen rep¬ 
resents a special case in that bedrock is (commonly) vir¬ 
tually N free and N is therefore introduced into soils and 
ecosystems by biological N fixation. Developing soils are 
therefore rich in cations and P but very low in N, result¬ 
ing in N limitation or N:P limitation of plant production 
(Harrington et al. 2001). With age, N accumulates in 
soils and vegetation, while deep weathering and leach¬ 
ing results in cation and P depletion, leading to P limita¬ 
tion of the productivity of old tropical rainforest ecosys¬ 
tems (Herbert & Fownes 1995, Vitousek & Farring- 
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TON 1997). Phosphorus is further tied up in highly resist- 
ant organic compounds and by occlusion in secondary 
minerals. To understand the biogeochemical constraints 
of NPP, we therefore have to consider element input- 
output balances as well as the internal cycling of nutri¬ 
ents, both of which control the availability of essential 
nutrients to plant production. Nutrients also affect NPP 
or more generally C assimilation via stoichiometric con¬ 
straints. For biomass production, higher plants need nu¬ 
trients such as N and P in a specific ratio to C. The 
C:N:P ratio of tree foliage was 1.334:28:1 globally and 
2.457:43:1 for tropical forests, reflecting lower P concen¬ 
trations of tropical tree foliage (McGroddy et al. 2004). 
This also implies that globally rising atmospheric N 
and/or P deposition may not only promote NPP by in¬ 
creasing ecosystem N and P availability but may also 
trigger C sequestration in tropical forests, although this 
has not yet been demonstrated conclusively. 

Nutrients are expected to limit NPP in different 
ways, by reducing leaf area index (LAI), by reducing 
photosynthetic capacity, or both (HARRINGTON et al. 
2001). High NPP in tropical rainforests therefore indi¬ 
cates that the nutrient use by tropical forests is en¬ 
hanced by several nutrient conserving mechanisms, in¬ 
creasing the retention of nutrients in the living or dead 
biomass pool (higher fraction of nutrient retransloca- 
tion, increased life span of fine roots and leaves, mycor- 
rhizal association etc.). Plant species can also respond 
flexibly to changing nutrient availabilities e.g. by 
changing C allocation to leaf area or fine root produc¬ 
tion or by increasing nutrient retranslocation from 
senescent plant tissues (Harrington et al. 2001, Her¬ 
bert & Fownes 1999). 

To maintain forest biomass and production at high 
levels, the trees’ nutrient demands and ecosystem losses 
must therefore be met by internal recycling through nu¬ 
trient release from decomposing fine litter, dead wood 
and roots, as well as from weathering and smaller inputs 
by wet and dry deposition and nitrogen fixation. 

NUTRIENT INPUTS. - According to VlTOUSEK 
(2004), weathering of primary minerals provides the 
major input of Ca 2+ , Mg 2+ and P (and Si and Al) over 
the first 10.000 years of ecosystem development, while 
atmospheric deposition (plus volcanic sources) consti¬ 
tutes the most significant source for K + , Na + , N, CL and 
S0 4 2 '. Biological N 2 fixation represents an important 
additional source for reactive N. Only later, after about 
100.000 years of ecosystem development, atmospheric 
inputs of e.g. dust and rainfall become more important 
as an input of essential cations and P. 

Weathering: Primary minerals are rich in rock-de¬ 
rived elements such as Ca 2+ , Mg 2+ , K + , and P. Chemical 


weathering i.e. partial or complete dissolution of pri¬ 
mary minerals results in a release of these elements 
while soils develop. Over time, the stocks of weather- 
able minerals in the part of geosphere that can be ex¬ 
ploited by plants are depleted while e.g. cations and P 
are continuously lost by leaching of inorganic or organ¬ 
ic forms. Weathering rates in the top metre of soil can 
exceed 10 kg ha' 1 a' 1 for Ca 2+ and 0.1 kg ha' 1 a' 1 for P 
over the first 10.000 to 100.000 years (CHADWICK et al. 
1999). Only then, weathering rates have been reported to 
decline by up to seven orders of magnitude. Erosion, in¬ 
duced by tectonic uplift, can counteract the depletion of 
primary minerals and where uplift and erosion are moder¬ 
ate such as in Central America (2.1 to 6.5 m kyr' 1 , GARD¬ 
NER et al. 1992) continuously replete rock-derived ele¬ 
ments (Porder et al. 2006, Porder et al. 2007). 

Deposition: Atmospheric deposition of gases, 
aerosols, dust and precipitation represent a major input 
of elements to tropical rainforests, sustaining primary 
productivity in tropical forests on old, highly weathered 
soils such as in the Amazon basin (CHADWICK et al. 
1999). Gaseous depositions primarily occur for N (NO x , 
NH ? ) and sulphur (S0 2 ), and as for aerosols (e.g. 
(NH 4 ) 2 S0 4 , HNOj, H 2 S0 4 ), quantification is prone to 
large uncertainties by methodology and modelling 
(McMURRY 2000). Dust and aerosol deposition is an im¬ 
portant input for P and cations, the major sources being 
marine aerosols, biomass burning, and long-distance 
transport of dust from arid areas (ARTAXO et al. 1998). 
Wet deposition by rainfall and occult precipitation has 
also been shown to contribute significantly to element 
inputs. Dry and wet deposition are negatively correlat¬ 
ed, leading to enhanced nutrient concentrations in 
rainfall after prolonged dry periods (FlLOSO et al. 1999, 
LOVETT & Lindberg 1984). Nutrient concentrations in 
cloud and fog droplets are much higher than in rainfall, 
comprising an important nutrient input to tropical 
montane cloud forests (Carrillo et al. 2002, Clark et 
al. 1998c). However, wet and dry depositions are not 
unusually measured separately but in the form of bulk 
precipitation (Table 3). It must be borne in mind that 
dry deposition is not fully accounted for in bulk precip¬ 
itation but also contributes to throughfall fluxes; mate¬ 
rial that has been dry deposited during rain-free periods 
is washed off during the next shower, therefore showing 
up in rainwater intercepted by the canopy. Bulk precip¬ 
itation added on average 0.4 kg P ha' 1 a' 1 to neotropical 
rainforests, and represented an input of 2.9 kg Mg 2+ , 
4.3 kg K + , 7.0 kg Ca 2+ and 7.3 kg N ha' 1 a' 1 (Table 3). 
These values are close to those found for the Esquinas 
forest though atmospheric inputs of N (+37%), Mg 2+ 
(+55%), K + (+116%) and Ca 2+ (+147%) were higher, 
partly due to the vicinity of the sea. Compared to inter¬ 
nal recycling of nutrients (litterfall plus net through- 
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fall), bulk deposition fluxes are generally small and, 
based on the ratio of internal recycling to bulk deposi- 
tion, were small in the Esquinas forest for P (18.2) and 
N (13.0), intermediate for K + and Ca 2+ (7.2-7.9) but 
high for Mg 2+ (4.8). Bulk deposition therefore consti¬ 
tuted a significant flux in the nutrient cycle of Mg 2+ , 
and less so of K + and Ca 2+ . 

N 2 Fixation: Most undisturbed lowland rainforests 
are considered to be N sufficient i.e. not N-limited; con¬ 
tinuous N losses by nitrate leaching and denitrification 
therefore occur and have to be replenished (VlTOUSEK 
2004). To keep ecosystem N pools high, or to allow re¬ 
covery of the forest biomass-N pool after disturbance 
(logging), the input of combined N via N 2 fixation by 
prokaryotes is crucial. Symbiotic N fixers (e.g. rhizobia 
in legume nodules) play the most important role but 
cyanobacteria-lichen associations as well as free-living 
cyanobacteria and heterotrophic N 2 prokaryotes on leaf 
surfaces (phyllosphere), litter and the root-soil interface 
(rhizosphere) are also considered significant in tropical 
rainforests (Cleveland et al. 1999, Pons et al. 2007). 
The best estimates of symbiotic N, fixation by legumes 
are 4-7 kg N ha' 1 a' 1 in lowland tropical rainforests 
(Pons et al. 2007, Roggy et al. 1999). The natural 15 N 
abundance method (see also GEHRING & VLEK 2004) 
was applied to quantify N 2 fixation by tree legumes in 
the Esquinas forest (ScHEMBERA & Wanek 2002, data 
not shown). Leaf 9 15 N signatures of legumes in all three 
forest types ranged between -0.5%o and -0.9%o (SE 0.4) 
and for non-fixers they were 0.1%o (secondary forest), 
-1.2%o (primary ravine) and -1.8%o (primary ridge for¬ 
est). Due to the small isotopic differences between N, 
fixing legumes und non-N, fixing legumes (or other ref¬ 
erence plants), we however refrained from further cal¬ 
culations of legume N fixation. In contrast to natural 
15 N abundance techniques, enriched 15 N tracers allow 
accurate estimations of N fluxes. Based on 15 N 2 incorpo¬ 
ration, estimates of epiphyll-covered leaf area (LAI) 
and micro-climatological data, phyllosphere N 7 fixation 
was estimated to range between 7.2 (ravine forest) and 
0.1 kg N ha' 1 a' 1 (ridge forest) in the Esquinas forest 
(Wanek 2000, data not shown). Molecular analysis 
demonstrated that autotrophic N, fixers (cyanobacte¬ 
ria) and heterotrophic diazotrophs (Gamma-Proteobac- 
teria) were dominant in the leaf-associated diazotrophic 
communities (FURNKRANZ et al. 2008). Depending on 
the host species and microclimate, N, fixation by epi- 
phylls was reported to be 0.2 to 5.0 kg N ha' 1 a' 1 (CAR¬ 
PENTER 1992, Freiberg 1998). 

NUTRIENT LOSSES. - Nutrient losses occur pri¬ 
marily via three pathways, (1) leaching through soils to 
streams, (2) gaseous losses of C and N by microbial 
processes and (3) erosion. Other pathways may be im¬ 


portant such as biomass removal by harvest and biomass 
loss through volatilisation/suspension by fire. 

Hydrological outputs: Losses of dissolved nutrients 
follow different flow paths, and depending on the prevail¬ 
ing rainfall regime, catchment losses occur mostly via sat¬ 
uration overland flow and interflow (strong rainfall) or 
base flow (rain-free periods) (ELSENBEER 2001). The com¬ 
position of water exported via these flow paths differs 
markedly, base flow being dominated by ions released 
during weathering of bedrock e.g. Si0 2 , DIC (dissolved 
inorganic carbon) and Ca 2+ while (sub)surface flow and 
storm flow is enriched with inorganic N (N0 3 “), Na + , K + 
and S0 4 2- (Lesack 1993, Salmon et al. 2001). 

Hydrological outputs represent a major loss pathway 
of elements but this has not been estimated in detail in 
the Esquinas forest so far. Initial studies (Tschelaut 
2005, pers. commun.) suggest, however, that the ‘Que- 
brada Negra’, a small stream draining a watershed 
(-600 ha, 30 L s' 1 base flow) which is mainly stocked 
with primary rainforest in the vicinity of the experimen¬ 
tal plots, represents a rather small output for N0 3 “ 
(0.22kgha' 1 a' 1 ), NH 4 + (0.03), dissolved organic 
N (DON; <0.05), Pj (0.11), dissolved organic P (DOP; 
0.02), K + (2.1), Ca 2+ (66 ), Mg 2+ (15) and Na + 
(19 kg ha' 1 a' 1 ). 

The flux of dissolved organic matter plays an impor¬ 
tant role in soil formation and nutrient dynamics, but 
its controls are poorly understood (Neff et al. 2000). 
Dissolved organic matter export by rivers can represent 
the major pathway of N losses in pristine landscapes 
(Hedin et al. 1995, VlTOUSEK 2004). The contribution 
of DON to total dissolved N flux ranged from 75% to 
95%, that of DOP to total dissolved P flux between 30% 
and 70% in Hawaiian rainforests (NEFF et al. 2000). In 
contrast to hydrological N0 3 _ losses, DON and DOP 
losses belong to demand-independent pathways of N 
and P losses i.e. are independent of plant or microbial 
demand (VlTOUSEK 2004). These pathways persist even 
when ecosystems are strongly nutrient-limited and the 
demand for an element therefore actually exceeds the 
supply of that element. Such losses can therefore sustain 
P or N limitation or constrain N accumulation in an 
ecosystem, as indicated in Hawaii (VlTOUSEK 2004). 

Erosion: Erosion represents the displacement of par¬ 
ticulate materials by wind and water, through downward 
movement in response to gravity. Land lift and distur¬ 
bance can greatly increase erosion processes and there¬ 
by initiate the loss of the uppermost soil layers which 
contain a significant fraction of the ecosystem nutrient 
pool locked up in the form of soil organic matter. On 
steep slopes, erosion can become a determinant of nutri¬ 
ent budgets even in primary rainforest where, for in- 
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stance, annual soil loss reached 2.9 t km' 2 in Costa Ri¬ 
can forests (Jansson & Stromberg 2004). Most loss of 
soil material occurred during strong rain events only, 
e.g. of the annual soil loss, 50-87% was lost during two 
storms (Jansson & Stromberg 2004). Due to fast land 
lift in the Corcovado region of 2.1-6.5 m kyr' 1 during 
the Quaternary (GARDNER et al. 1992), erosion has to 
be assumed to play an important role in counteracting 
the weathering of bedrock in the Esquinas forest; more¬ 
over, erosion leads to redistribution of minerals, ele¬ 
ments and radionuclides between upland sites and allu¬ 
vial terraces (FlEBIG et al. 2007), amplifying the effect of 
topography on soil fertility and vegetation dynamics. 

Gaseous losses: Losses of elements that occur in a 
gaseous form are most prominent for C and N, though ir¬ 
relevant for most other nutrient elements. Gaseous loss¬ 
es represent the major pathway of ecosystem C output 
but a minor one for N. Litter and soil organic matter de¬ 
composition are driven by microbial processes where a 
major fraction of C assimilated by plants is released as 
C0 2 via microbial respiration to the atmosphere. Het- 
erotrophic respiration represents a major flux in the 
ecosystem C cycle that equals or often slightly exceeds 
NPP (see: Net ecosystem exchange) (SIERRA et al. 
2007b). Soil temperature and moisture are the major 
abiotic factors determining soil respiration (BEKKU et al. 
2003, Li et al. 2006), while litter quality and quantity, as 
well as the structure of microbial community, also 
strongly affect heterotrophic respiration (e.g. MENYAILO 
et al. 2003). Organic matter decomposition and soil C 
losses (CO z efflux) were also shown to be sensitive to 
soil nutrient status, with nutrient addition adversely af¬ 
fecting soil respiration in two rainforest ecosystems 
(Cleveland & Townsend 2006, Mo et al. 2008). In the 
Esquinas forest, soil respiration (in situ) ranged from 2.8 
to 5.1 pmol C0 2 m' 2 s' 1 , with no significant difference 
between sites (dry season 2008). The values were lower 
than measured in a primary rainforests near Manaus, 
with an annual mean of 6.45 jamol C0 2 m' 2 s' 1 (SOTTA 
et al. 2004). Investigations focusing on the partitioning 
of soil respiration into autotrophic (root and rhizos- 
phere) respiration and heterotrophic respiration (soil or¬ 
ganic matter derived) indicated that up to 50% of soil 
respiration is directly driven by plant photosynthesis and 
root activity (Li et al. 2006, Silver et al. 2005). 

Methane (CH^) efflux from soils is commonly low 
in terms of the C cycle (VON FISCHER & HEDIN 2007), 
though tropical forest soils reportedly served as a net 
source of methane to the atmosphere if more than 
0.04% of total carbon mineralisation was by methano- 
genic pathways. 

The abundance of available N in many soils of trop¬ 
ical lowland rainforests has been linked to large losses of 


nitrogenous gases such as N 2 0 and NO (McSwiNEY et 
al. 2001, Parsons et al. 1993). Losses of nitrogen oxides 
(N z O and NO) and N 2 were previously estimated to ac¬ 
count for a small proportion of ecosystem N flux only, 
being 1-4 kg N ha' 1 a' 1 , in a hill slope forest in Puerto 
Rico (Chestnut et al. 1999). In contrast, natural 15 N 
abundance measurements and modelling suggested large 
gaseous N losses from tropical rainforests via denitrifica¬ 
tion of N0 3 “, even in presumably N-limited montane 
tropical rainforests (HOULTON et al. 2006). Based on 
this evidence, denitrification was responsible for 24% to 
53% of total ecosystem N losses in forests ranging in 
MAP from 2200 to 4100 mm. 

Fire and harvest: Fire and harvest remove marked 
amounts of nutrients from forests, elements that are ir¬ 
reversibly removed from the ecosystem and are replaced 
only slowly by atmospheric deposition, weathering and 
N 2 fixation. While above-ground biomass accrual is rap¬ 
id and within -12-14 years, above-ground biomass in 
secondary forests can reach 25-50% of primary forests, 
soil organic matter pools and nutrient pools (particular¬ 
ly P) recover more slowly (Feldpausch et al. 2004, Sier¬ 
ra et al. 2007a). However, biomass recovery can he 
faster if disturbance is less severe such as after selective 
logging, though the removal of large tree individuals 
that contain a large proportion of elements has fre¬ 
quently been under-estimated (MARTINELLI et al. 2000). 
In the Osa region, deforestation led to a decrease of 
forested area on the Corcovado peninsula from 97% 
(1979) to 89% (1997), and human activities have left 
only 44% of the remaining forest on the peninsula in a 
mature state, while most of the forest outside the Cor¬ 
covado National Park has been altered (SANCHEZ- 
Azofeifa et al. 2002). 

Soil charcoal provides historical evidence for fire, 
and was shown to be most abundant at the wettest low¬ 
land sites (60-500 m) and less at montane elevations 
(> 1000 m) at an elevational transect at the Volcan Bar- 
va, Costa Rica (Titiz & SANFORD 2007). Old-growth 
forests have therefore been disturbed infrequently but 
multiple times as a consequence of anthropogenic and 
natural fires. Losses of elements due to fire can be large, 
due to direct volatile losses of biomass nutrients and due 
to subsequent leaching losses of nutrients from ash 
when the biotic sink is negligible (HUGHES et al. 2000, 
Malmer & Grip 1994). 

INTERNAL NUTRIENT CYCLING. - Processes 
involved in the internal cycling of elements include up¬ 
take and assimilation of nutrients by plants and mi¬ 
crobes, their subsequent release by decomposition of 
dead biomass, and conversion processes from organic to 
inorganic elemental forms. Sources of nutrients for inter¬ 
nal cycling include litterfall and litter decomposition 
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processes and the input of canopy leachates via through- 
fall and stemflow. Root litter decay, microbial transfor¬ 
mation processes and nutrient uptake are the major be¬ 
low-ground processes in internal element cycles (WHIT¬ 
MORE 1998). 

Nitrogen, P and Ca 2+ are transferred to the soil 
mainly via litterfall (Table 3). In contrast, leaching in¬ 
puts of nutrients to the forest floor via throughfall and 
stemflow have been reported to be significant in ecosys¬ 
tem nutrient cycles of K + and Mg 2+ (Chuyong et al. 
2004, Tobon et al. 2004b) (Table 3). The amount of el¬ 
ements recycled internally in litterfall as a fraction of 
total recycled (litterfall plus net throughfall) was 99%- 
100% for P and C, 88%-91% for Ca 2+ and N, 78% for 
Mg 2+ and 40% for K + (neotropical average; Table 3), 
demonstrating the importance of the litterfall pathway 
as the primary route of internal nutrient recycling. Un¬ 
fortunately, we are only aware of one study estimating 
fine root decay as below-ground contribution to internal 
nutrient recycling (TOBON et al. 2004a). The poor un¬ 
derstanding of the rates and controls of root life span 
and turnover therefore goes with a lack of prediction of 
C flow and nutrient cycling dynamics in fine roots at 
the ecosystem scale (Guo et al. 2008). 

Litterfall: Litter provides the central nutrient 
source for nutrient cycling in tropical rainforests, where 
soils are highly weathered and nutrient-poor (MARTIUS 
et al. 2004). The litter layer on the forest floor is made 
up of coarse and fine litter in different stages of decay 
and a usually well developed thin humus layer on top of 
the mineral soil. Coarse litter and coarse woody debris 
consists of dead wood, palm leaves and big fruits and is 
very heterogeneous in space and time (CLARK et al. 
2002). Fine litter includes mostly leaves, small twigs, 
flowers and fruit parts and is more uniformly distributed 
(e.g. DENT et al. 2006). The nutrient content in leaf lit¬ 
ter and reproductive litter material is generally higher 
than in dead wood litter (CUEVAS & Lugo 1998). Since 
leaves account for the largest fraction of fine litterfall 
(41 %-62%, Esquinas forest), factors influencing leaf 
senescence and abscission such as seasonality of climate 
and soil fertility govern the general patterns of litterfall 
(Cuevas & Lugo 1998). Nutrient resorption before leaf 
fall varies among species, leading to a discrepancy be¬ 
tween species impact in litter input and nutrient return 
to the forest floor. Leaf litter nutrient cycling is further 
positively related to soil fertility as are litterfall and lit¬ 
ter nutrient concentrations (WOOD et al. 2006). 

While litterfall dry mass in the Esquinas forest ranged 
among the highest reported so far (> 10 Mg 2+ ha' 1 a' 1 ), 
phosphorus return via litterfall (4-4 to 9.9 kg ha' 1 a' 1 ), 
particularly of primary ravine forest, was also in the 
highest range, only exceeded by lowland and premon- 


tane moist forest in Panama (Table 3) (COLLEY et al. 
1975). In La Selva, a wet lowland tropical rainforest at 
the Atlantic coast in Costa Rica, P fluxes in litterfall 
were ~5 kg ha' 1 a' 1 (Wood et al. 2006). Nitrogen flux¬ 
es in litterfall covered much of the reported range, 
though those of primary rainforests in valleys were again 
among the highest found (Table 3), pointing to very fast 
N cycling and high N availability in the forests studied. 
Fluxes of Mg 2+ , K + and Ca 2+ were similar to those found 
for other neotropical rainforests (Table 3). Therefore, 
the litterfall data indicate strongly that NPP of the for¬ 
est types studied here was linked - for tropical forests - 
to high availability of cations and N and P. 

Throughfall and stemflow: Throughfall is defined 
as the proportion of incident gross precipitation that 
penetrates or drips through a plant canopy while stem- 
flow is the residual amount of rainwater that runs down 
tree stems and constitutes a localised point input of wa¬ 
ter and nutrients (PARKER 1983). The rest of incident 
gross precipitation is intercepted by the canopy and lost 
via evaporation (Marin et al. 2000). Despite the multi¬ 
tude of throughfall and stemflow studies worldwide, as 
reviewed by LEVIA & FROST (2003, 2006), the elucida¬ 
tion of underlying processes that alter nutrient concen¬ 
trations and fluxes still lags behind, since they remain 
difficult to interpret (LOVETT et al. 1996). 

Elements in throughfall and stemflow derive from 
three processes: (1) passage of incident precipitation 
through the canopy, (2) wash-off of dry deposited mate¬ 
rials such as particles and gases, and (3) solute exchange 
between intercepted rainfall and canopy surfaces like fo¬ 
liage, woody parts, epiphytes and microorganisms 

(Hansen et al. 1994, Lovett & Lindberg 1984). Flux¬ 
es of dissolved nutrients are strongly correlated with (1) 
the amount, duration and intensity of precipitation 
penetrating the canopy, and (2) the amount of dry dep¬ 
osition as linked to duration of antecedent rain-free pe¬ 
riod. The clear positive correlations between net fluxes 
of most elements and rain volumes, however, suggest 
that the process of leaching is dominant in most cases, 
whereas the contribution of dry deposition is probably 
small since it would be expected to be largely independ¬ 
ent of rainfall. Throughfall chemistry mainly depends 
on factors like latitude, elevation, seasonality, proximi¬ 
ty to the sea, species composition, forest age and local 
land use (LEVIA & FROST 2006) which affect dry depo¬ 
sition and/or canopy exchange, stemflow chemistry is 
basically controlled by factors like species assemblage, 
seasonality, meteorological conditions and canopy 
structure (Levia & Frost 2003). 

For discussions of internal nutrient recycling, net 
throughfall flux (NTF) has to be considered. Net 
throughfall flux is defined as the difference between 
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throughfall flux (TF) and hulk precipitation flux (BP): 
NTF = TF - BP = CE + DD and represents the integral 
of the processes of uptake or leaching of nutrients dur¬ 
ing canopy exchange (CE) and dry deposition (DD). 
NTF therefore shows whether a certain element is en¬ 
riched or depleted during the passage through the 
canopy layer. A positive result points to net leaching 
and/or dry deposition processes whilst a negative one 
demonstrates uptake of solutes exceeding dry deposi¬ 
tion. Due to the impact of dry deposition, direct com¬ 
parisons of NTF with litterfall have to be taken cau¬ 
tiously. In the Esquinas forest, throughfall represented 
between 87% and 92% and stemflow between 0.7% and 
1.0% of bulk precipitation volume. Negative NTF flux¬ 
es in the Esquinas forest (calculated from Table 3) 
pointed to net canopy retention and were evident for 
NH 4 + , Na + , N0 3 “ and SO^ 2- . In contrast, leaching and 
dry deposition resulted in net enrichment of the follow¬ 
ing solutes: K + , dissolved organic carbon and N (DOC, 
DON), Mg 2+ , Cl' and inorganic P. Enrichment or deple¬ 
tion of elements strongly relies on soil nutrient status 
and on the mobility of solutes: while N, Ca 2+ and P are 
mainly immobilised in cell walls or in cell plasma, oth¬ 
er solutes (e.g. K + , DOC) are more susceptible to leach¬ 
ing from the canopy layer due to their high abundance 
and exchange rates during processes of cell physiology. 
Similar patterns of nutrient uptake and release by the 
canopy have been observed by others (FlLOSO et al. 
1999, Tobon et al. 2004b). The contribution of net 
throughfall to above-ground nutrient cycling was how¬ 
ever very low - ranging from zero for elements being de¬ 
pleted during canopy passage (e.g. Na + , N), negligible 
for C (0.2%), P (4%) and Mg 2+ (5%), but 42% for K + . 
Stemflow contributed only 1 to 10% to solute deposi¬ 
tion to the forest floor, due to small volumetric flows 
(Table 3; exception: Cl' deposition at ridge position). 
In total, essential elements were mainly recycled via the 
litterfall pathway; only a small but significant fraction 
has been recycled by canopy processes via throughfall. 
In contrast to litterfall, however, element fluxes in 
throughfall and stemflow can be significant in the short 
term as solutes are directly available for microbial and 
plant use, while litter nutrients have to be released 
through litter decomposition into soluble forms. 

Decomposition: Decomposition refers to a se¬ 
quence of processes which break down organic matter - 
leaching, fragmentation and chemical alteration - pro¬ 
ducing nutrients in available forms for plant and micro¬ 
bial production and releasing C0 2 to the atmosphere. 
Without decomposition, large quantities of detritus 
would accumulate on the forest floor, locking up nutri¬ 
ents in unavailable stocks (Chapin III et al. 2002). Nu¬ 
trient cycling would halt as would mineral supply to pri¬ 
mary producers, litterfall and litter decomposition are 


therefore key processes in terrestrial nutrient cycling. 
The rate of decomposition is determined by litter quali¬ 
ty and the physical environment, where litter quality re¬ 
flects the concentrations of nutrients (N, P) and struc¬ 
tural and defense compounds (lignin, phenols etc) 
(Aerts 1997, Austin & Vitousek 2000). More nutri¬ 
ent-rich leaves with fewer physical and chemical de¬ 
fences decompose more rapidly than tougher, nutrient- 
poor leaves (Constantinides & Fownes 1994, Dent et 
al. 2006). Therefore, traits associated with high stand- 
level nutrient use efficiency are often associated with 
low decomposition rates (SANTIAGO & Mulkey 2005). 

Litter decay usually shows two phases, with a nega¬ 
tive exponential curve of mass loss in the beginning, 
followed by more asymptotic linear curves caused by the 
relative accumulation of recalcitrant material in the re¬ 
maining litter with time (Berg et al. 1984, CORNU et al. 

1997) . Leaching represents the initial step of decompo¬ 
sition, where small water-soluble organic compounds 
and ions dissolve in water and are transported into the 
soil. Leaching losses are great in humid rainforests due 
to their high precipitation and induce a pulse of micro¬ 
bial growth and respiration in times of high litterfall. 
Fragmentation is performed primarily through feeding 
activities of soil invertebrates, but is also supported by 
wetting-drying processes. The disruption of cellular 
structures and protective layers facilitates microbial 
colonisation and increases the litter surface exposed for 
break down. During organic matter depolymerisation 
and microbial processing, organic material is converted 
to inorganic minerals, which are subsequently available 
for plant or microbial uptake (ALLISON & VlTOUSEK 
2004). The initial actors in this last step of decomposi¬ 
tion are fungi, which, together with bacteria, account 
for 80% to 90% of decomposer biomass (ZHANG & Zak 

1998) . 

There are two major ways to study decomposition: 
(1) the turnover rate K L of the litter stock is calculated 
as the ratio of litterfall rate to standing stock of litter 
(SCOTT et al. 1992), (2) based on litter bag experi¬ 
ments, the decomposition constant k is calculated by 
fitting mass loss against time using single or double ex¬ 
ponential models (CoUTEAUX et al. 2002). Olson pos¬ 
tulated that in steady state ecosystems, rates of litterfall 
and decomposition are in equilibrium and K L gives an 
indicator of the decomposition constant k (OLSON 
1963). Mature rainforests can be seen as being in a 
steady state, whereas this assumption does not fit for 
successional stages like secondary forests. In the Es- 
quinas forest, k values of mixed species leaf litter of the 
respective sites ranged from 1.1 to 1.8 (t 05 half lives 
145-230 d), and that of Vochysia ferruginea single species 
litter from 0.64 to 0.75 for the three sites (t 05 339-395 d). 
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Table 4: Soil characteristics of three rainforest sites in the Esquinas forest. Costa Rica. Mean values sharing the 
same letter within a row are not significantly different from each other. (P > 0.05. Kruskal Wallis test. Bonferroni 
Multiple range test.) Soil samples have been taken from the upper 5 cm during the wet and dry season 2005. All 
values are means with SE (n = 18). 



Primary Ravine Forest 

Secondary Ravine Forest 

Primary Ridge Forest 

pH (CaCI,) 

3.68 

± 0.04 

A 

3.56 

± 0.04 

A 

3.28 

± 0.02 

B 

Bulk density (g cnr 3 ) 

0.61 

± 0.08 

A 

0.49 

± 0.06 

B 

0.41 

± 0.06 

B 

Carbon cone. (% DW) 

7.78 

± 0.41 

A 

4.80 

± 0.40 

B 

8.59 

± 0.71 

A 

Nitrogen (% DW) 

0.64 

± 0.03 

A 

0.37 

± 0.02 

B 

0.62 

± 0.03 

A 

CN ratio 

12.4 

± 0.8 

ns 

12.6 

± 0.5 

ns 

13.8 

± 1.1 

ns 

Nitrate (mg kg" 1 ) 

49.6 

± 8.93 

B 

8.98 

± 1.43 

A 

18.8 

± 5.11 

A 

Phosphate (mg kg' 1 ) 

2.08 

± 0.39 

ns 

4.80 

± 1.23 

ns 

0.69 

± 0.05 

ns 

Ammonium (mg kg' 1 ) 

11.5 

± 1.5 

A 

6.87 

± 0.90 

A 

24.4 

± 3.8 

B 

Potassium (mg kg' 1 ) 

122.0 

± 13.7 

ns 

199.8 

± 46.4 

ns 

172.6 

± 77.7 

ns 

Gross N mineralization 










(mg N-NH 4 kg' 1 day 1 ) 

54.0 

± 15.1 


60.8 

± 3.8 

ns 

33.0 

± 6.9 

ns 

Gross nitrification 










(mg N-N0 3 kg' 1 day 1 ) 

2.24 

± 0.35 


1.33 

± 0.77 

ns 

2.33 

± 0.91 

ns 


Different forest types across a gradient of soil nutrient 
supply in a tropical rainforest in Malaysia showed k val¬ 
ues for mixed species leaf litter from 1.35 on the nutri¬ 
ent poorest site to 2.55 on the nutrient richest one; the 
half-lives were 187 days and 99 days (Dent et al. 2006), 
respectively. 

Turnover rates K L for leaf litter were 1.43 yr' 1 and 
2.27 yr' 1 for both ends of the nutrient supply gradient 
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Fig. 2: Relationship between nutrient fluxes in litterfall (kg ha' 1 a 1 ) and 
nutrient use efficiencies (NUE) of litter production (kg dry mass kg 1 nutrient 
content) in neotropical rainforests (O) for N, P, Ca 2+ , and Mg 2+ . Filled symbols 
are for primary ravine forest on Inceptisol (•), secondary ravine forest on 
Inceptisol (T) and primary ridge forest on Ultisol (■) in the Esquinas forest, 
Piedras Blancas National Park, Costa Rica. 


(DENT et al. 2006). In the Esquinas forest, total fine lit¬ 
ter had a turnover rate K L of 3.7 (primary ravine forest) 
and ~2.3 yr' 1 (secondary ravine and primary ridge for¬ 
est), being markedly higher as in former study. K L values 
were 1.2-1.5 for fine litter in primary rainforests at three 
topographic positions close to Manaus and 2.0 on Mara- 
ca Island in the Brazilian Amazon (LuiZAO et al. 2004, 
Scott et al. 1992). Coarse litter decomposed much 
more slowly with a K L of 0.15-0.87 yr' 1 in the Esquinas 
forest. Turnover times of coarse litter were therefore 
slow but comparable or higher than the average for 
coarse woody debris of 9 years at La Selva, Costa Rica 
(CLARK et al. 2002) and the range of 0.12-0.47 yr' 1 for 
large to small size classes of coarse woody debris found 
in Tapajos, Brazil (Palace et al. 2008). 

Nutrient release during decomposition of litter fol¬ 
lows complex pathways and controls (CONSTANTINIDES 
& Fownes 1994); N and P (and Ca 2+ ) often accumulate 
during the initial phases while mass is lost (CORNU et al. 
1997, DENT et al. 2006). Over the course of years it can 
therefore happen that net release of macro elements is 
detectable and adds to the available soil nutrient pools 

(Austin & Vitousek 2000, Parton et al. 2007). 

Nutrient use efficiency: Nutrient availability gen¬ 
erally determines the efficiency of nutrient use for most 
tree species. Therefore efficient within-stand nutrient 
economy of an element indicates its limiting status for 
primary production, while inefficient within-stand cy¬ 
cling of a specific nutrient implies no limitation of a nu¬ 
trient (VlTOUSEK 1982, 1984). The term “efficient with- 
in-stand cycling” means that relatively more C is fixed 
per unit nutrient or a larger fraction of nutrients is re- 
sorbed by plants before shedding of senescent plant 
parts (HARRINGTON et al. 2001). Moreover, limited nu¬ 
trient losses from the system through rapid nutrient up¬ 
take by roots, mycorrhizae and decomposers also support 
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efficient within-stand cycling (KINGSBURY & KELLMAN 
1997, VlTOUSEK 1982). Studies of litterfall and litter nu¬ 
trient content have often been applied to investigate 
the efficiency of nutrient cycling. VlTOUSEK (1984) sug¬ 
gested the ratio dry mass/nutrient content - the inverse 
of nutrient concentration - in litterfall as a proxy of a 
forest ecosystem’s nutrient economy as a whole and 
termed it “nutrient use efficiency” (NUE). In the Es- 
quinas forest, phosphorus NUE was rather low at 1320 
(primary ravine), 1790 (secondary ravine) and 2190 
(primary ridge), while in neotropical rainforests, phos¬ 
phorus NUE ranged from 625 to 6660 (mean 2890) 
(Fig. 2). Nitrogen NUE was between 72 and 107, being 
well within the range reported for other neotropical 
rainforests (53-175, mean 87). Calcium NUE ranged 
from 65 to 113, again being similar or at the lower end 
of other neotropical rainforest sites studied (34-961, 
mean 235). Within the Esquinas forest, NUE for N, P 
and Ca 2+ were all greater at the ridge site implying low¬ 
er availability of these nutrients in Ultisols. There was 
also a trend towards higher NUE for P and N in the sec¬ 
ondary forest than in the primary forest on Inceptisols. 
In comparison with other neotropical forests, the Es¬ 
quinas forest stands were rather inefficient in their N, P 
and Ca 2+ use while showing among the highest rates of 
nutrient cycling in litterfall (Fig. 2), both pointing to 
high availability of these nutrients for forest growth and 
production. 

Conclusions 

The Esquinas forest holds a special position within 
the neotropical rainforest continuum, due to its extraor¬ 
dinarily high mean annual precipitation and high mean 
annual temperature. Previous reviews of biogeochem¬ 
istry (ScHUUR 2003) have suggested that at high levels 
of precipitation, NPP in tropical rainforests will decline, 
which was clearly not the case here. In contrast, trees 
showed the highest wood increments and among the 
highest litterfall rates published to date. These high 
rates of production are explained by high litterfall and 
decomposition rates, fast cycling of nutrients and there¬ 
fore high nutrient availability. Low constraints of NPP 
by nutrients are also illustrated by low nutrient use effi¬ 
ciencies for N, P, Ca 2+ and others (Fig. 2). We further 
suggest that the Esquinas forest is well supplied with 
cations and P through high rates of weathering, tecton¬ 
ic uplift and erosion. Topography had a major effect on 
soil fertility and plants responded by greater allocation 
to below-ground biomass and below-ground production 
to acquire soil resources at the ridge compared to the 
ravine site. Disturbance did not affect above - or below¬ 
ground biomass >20 years later. However, biomass pro¬ 
duction was still greater than in primary rainforest on 


Inceptisols, and nutrient demand for biomass produc¬ 
tion evidently exceeded nutrient supply as suggested by 
a draw-down of available soil nitrate and comparably 
higher nutrient use efficiencies as in primary forest at 
the same topographic position (Table 4). 
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